The emerging flexible ac transmission system (FACTS) controllers are considered to be suitable for transient stability control due to their speed and flexibility. In this paper, a control strategy is developed to achieve maximal improvement in transient stability and damp the rotor oscillations using unified power flow controller (UPFC). The control strategy involves maximization and minimization of power flow in a line. In general, this involves the solution of a constrained optimization problem at each step to determine the voltage and current injected by the UPFC. For the special case of a lossless symmetrical line, when the UPFC is located at the midpoint of the line, analytical solution can be derived. The control strategy can be extended to multimachine system and maximizing and minimizing power flow on a critical line can improve transient stability. The control strategy is evaluated by simulation studies.
Introduction
Control by changing the network parameters is an effective method of improving transient stability. Flexible ac transmission system (FACTS) controllers due to their rapid response are suitable for transient stability control since they can bring about quick changes in the network parameters. Transient stability control involves changing the control variables such that the system state enters the stability region after a large disturbance.
FACTS controllers based on voltage source converters use turn off devices like Gate Turn-Off Thyristors (GTO) [1] . The magnitude and angle of the fundamental frequency voltage injected by the converter is varied by controlling the switching instants of the GTO devices. These type of FACTS controllers have the advantages of reduced equip-ment size and improved performance compared to variable impedance type controllers. Static VAR compensator (SVC) and thyristor controlled series capacitor (TCSC) are variable impedance type controllers. SVC is a shunt controller and TCSC is a series controller. Static compensator (STATCOM), static synchronous series compensator (SSSC) and unified power flow controller (UPFC) are voltage source converter based controllers. STATCOM is a shunt controller and SSSC is a series controller. UPFC consists of a shunt converter and a series converter, which have a common dc capacitor as shown in Fig. 1 [2] . UPFC injects a series voltage and a shunt current. The series and shunt branches of UPFC can generate/absorb reactive power independently and the two branches can exchange real power; therefore, UPFC has three degrees of freedom.
The main function of FACTS controllers is control of voltage and power flow. In [3] , a control strategy is proposed for UPFC in which the power flow in the line is regulated by control of series reactive voltage and the voltages at the two ports of UPFC are regulated by control of shunt reactive current and series real voltage. In addition to power flow control and voltage regulation, FACTS controllers can be used for transient stability improvement and damping of power swings. Mihalic et al. [4] propose maximization of power using UPFC for improvement in transient stability of a single machine infinite bus (SMIB) system. Bian et al. [5] propose a control strategy to increase power transfer between two large areas during a contingency, using UPFC, while considering the operational constraints.
There are many control measures known as discrete supplementary controls, which are used for transient stability improvement [6] . These controllers do not operate continuously but are initiated following a large disturbance and are temporary in nature.
In this paper, a discrete control strategy is presented for UPFC in order to improve transient stability and damp the oscillations. The previously proposed methods of transient stability improvement and damping of oscillations using network controllers are applicable to braking resistors [7] , switched series capacitors [8] [9] [10] and TCSC [11] , which have a single control variable. The control strategy is not obvious in the case of UPFC, which has three independent control variables. The proposed control strategy involves both maximization and minimization of power flow in the line in which UPFC is located. An expression for power flow in the presence of UPFC is derived. The control strategy is applied to SMIB and multimachine systems.
Control strategy
In this section, a control strategy for transient stability improvement and damping the oscillations is developed for UPFC in a SMIB system shown in Fig. 2 
Transient stability is improved by maximizing the electrical power P e as soon as the disturbance is detected and then the rotor oscillations are damped by successively decreasing the decelerating and accelerating areas. The control strategy is developed using the power angle curves for the SMIB system, shown in Fig. 3 ; the generator is represented by classical model. There are three power angle curves corresponding to base power (with base or operating values of UPFC control variables), maximum power and minimum power. Power can be maximized and minimized by suitably selecting the values of UPFC control variables. P m is the mechanical power input. Let δ s be the initial as well as the post-fault steady state rotor angle of the SMIB system. For a disturbance like a three phase fault at the generator terminals, the accelerating area is 'abcda'. Due to the kinetic energy stored in the rotor at the time of fault clearing, the rotor swings beyond δ cl (the rotor angle at the instant of clearing) and reaches a peak of δ max when the decelerating area 'defgd' is equal to the area 'abcda'. In order to minimize δ max , it is essential to maximize the electrical power. Thus 'e' and 'f' lie on the power angle curve corresponding to the maximum power flow in the line controlled by adjusting Fig. 3 . Power angle curves.
the UPFC variables V, φ and I (it is to be noted that ψ is a dependant variable constrained by equation (1) 
It is to be noted that even for δ = δ max , δ max ≤ δ u ,
The control strategy can be stated as follows:
(1) As soon as a large disturbance is detected, the control variables are selected such that the power is maximized. It is to be noted that the control strategy for UPFC is general. For FACTS controllers like SVC, TCSC, STATCOM and SSSC which have a single control variable, power is maximized when operating at the capacitive limit and power is minimized when operating at the inductive limit in the range 0 < δ < π.
The control strategy is developed for classical model of the generator. The same control strategy can also be applied to a system with generator represented by detailed (two-axis) model. This is based on the fact that the potential energy given by Eq. (2) is applicable even for two-axis model of generator [12] .
Optimization of power with UPFC
The UPFC is located in the transmission line as shown in Fig. 2 . The generator power (objective function to be maximized or minimized) can be expressed in terms of the UPFC control variables V, φ, I and ψ as follows:
The real power constraint (equality constraint) on the UPFC is given by the following equation:
The expressions for the coefficients c to t are given in Appendix A.
The following constraints are imposed on the ratings of the series and the shunt converters:
Lossless circuit
For a lossless circuit (R 1 = R 2 = 0), m = n = t = 0; the real power constraint on the UPFC given by Eq. (4) can be written as follows:
The variable ψ is eliminated using Eq. (7).
The first term on the right-hand side has two values. The second term on the right-hand side has a unique value α 1 such that sin α 1 = . Substituting this expression for ψ in Eq. (3), the following expression is obtained for power in terms of three control variables namely V, I and φ:
This is the objective function to be maximized (or minimized) subject to the inequality constraints given by Eqs. (5) and (6) . The Kuhn-Tucker conditions for optimal power are given by the following equations:
The magnitudes of series voltage and shunt current injected by UPFC for maximum as well as minimum power are the limits V max and I max , respectively, for all values of ζ. If E 1 = E 2 and X 1 = X 2 , for maximum power, φ and ψ are obtained as linear functions of ζ given by the following equations:
For minimum power, φ and ψ are obtained as linear functions of ζ given by the following equations:
If X is the total reactance, X 1 = X 2 = X 2 . Let E 1 = E 2 = E. Substituting the expressions for φ and ψ given by Eqs. (13)-(16) in the Eq. (3), the expressions for maximum and minimum power are as given below:
The power through the dc link (power transferred from the series branch to the shunt branch) for both maximum and minimum power for the special case (E 1 = E 2 and X 1 = X 2 ) is as follows:
It can be seen that for this special case, the power through the dc link for maximum and minimum power depends only on the ratings of the shunt and series converters and does not depend on the system parameters. If the power through the dc link is constrained to be zero, the series and the shunt branches inject reactive voltage and reactive current, respectively. The plot of the injected reactive voltage and reactive current for maximum power are shown in Fig. 4 .
Extension of control strategy to multimachine system
The extension of the control strategy to multimachine system is based on the fact that when a power system becomes unstable, it initially splits into two groups. There is a unique cutset known as critical cutset consisting of series elements (connecting the two areas) across which the angle becomes unbounded [12] . The system can be represented as shown in Fig. 5 . Locating the UPFC in one of these lines belonging to the critical cutset strengthens the system and improves transient stability.
The potential energy W p can be expressed as follows [12] :
where P k is the power flow in the series element k, P ks the post-fault steady state value of P k , δ k the phase angle difference across the element and ns is the total number of series elements. P k and δ k are defined for the post-fault network. The potential energy can be decomposed into the energy within the two areas and the energy along the critical cutset [11] . Assuming coherent areas, the potential energy within an area is zero as all the buses in that area have the same frequency ( dδ k dt is zero for all series elements within an area). Hence, the potential energy given by Eq. (20) can be written as follows:
where nc is the number of elements in the critical cutset. If a series element (line or transformer) k in the critical cutset connects buses i and j,
where V i and V j are the voltage magnitudes at buses i (in area I) and j (in area II), respectively, and b k is the susceptance of the series element. φ i and φ j are phase angles of voltage at buses i and j, respectively. Due to the assumption of coherency, the variations of V i and φ i are similar for all the elements in the critical cutset. This is also true of the variations of V j and φ j . Therefore, the variation of energy in all the lines in the critical cutset is similar. Hence, the variation of potential energy can be monitored from the energy in the individual lines in the cutset. Hence
where A k is a constant and subscript k refers to any element in the cutset. The expression for potential energy is similar to that for SMIB system given by Eq. (2). Therefore, the control strategy developed for SMIB system can be extended to the multimachine system also, by replacing dδ dt by dδ k dt . In step 2 of the control strategy,
The power flow considered in the control strategy is that flowing from the area containing the advanced generators to the other area. δ k = φ i − φ j , where φ i is the phase angle of bus i which is in the area containing advanced generators and φ j is the phase angle of bus j which is in the other area.
The UPFC is represented by a two-port network as shown in Fig. 6 .
The external network can be represented by its Thevenin equivalent at the two ports of UPFC. By taking the opencircuit voltage at port 2 as reference, the two-port network equation is as follows:
where E 1 ∠ζ and E 2 ∠0 are the open-circuit voltages at the ports 1 and 2, respectively. The power flow in the line in which UPFC is located, is given by the following equation:
The real power constraint on the UPFC is given by the following equation:
The expressions for the coefficients a to t are given in Appendix B.
The expression for power given by Eq. (26) is different from that given by Eq. (3) for the SMIB system. This is because of the following two reasons:
(1) The power considered for the SMIB system is the generator power, whereas for the multimachine system, it is the power at the input port of UPFC. where [Y] is the bus admittance matrix,V the vector of network voltages andÎ is the vector of currents, which includes generator currents (generator being represented by its Norton's equivalent circuit) and the currents at the UPFC ports.
Simulation studies

SMIB system
The control strategy is applied to the SMIB system with UPFC, the data for which are given in Appendix C. The generator is represented by two-axis model with static exciter. Since x d = x q for the generator considered, an equivalent circuit exists for the generator stator. The network and stator dynamics are neglected. The UPFC is located in transmission line as shown in Fig. 2 , such that X 1 = X 2 . The reactance X 1 includes the generator direct axis transient reactance x d . The UPFC is represented by series voltage and shunt current sources; the series voltage rating (V max ) is 0.2, and the shunt current rating (I max ) is 0.1.
The control strategy is applied to this system by creating a large disturbance. The generator is initially supplying power of 0.03, with its terminal voltage being 1. The series voltage and shunt current of UPFC are zero in steady state. A step change of 0.69 in the mechanical power input at 0.1 s is considered as a large disturbance. The system is unstable without any control. The application of the control strategy stabilizes the system as shown in Fig. 7(a) ; the control is initiated at 0.1 s. System simulation is carried out using Simulink and Matlab optimization toolbox [13] is used to obtain optimum values of the UPFC control variables. Whenever power is to be maximized or minimized, the optimization is to be carried out at each step of the simulation. The optimal values of the control variables obtained at each step are taken as the starting values for optimization at the next step. The analytical solution given in Section 3 for the lossless circuit is taken as the starting value for optimization at the first step of simulation. It is to be noted that the analytical solution given in Section 3 cannot be used directly since E 1 is not constant and the line resistance is taken into account.
The series reactive and real voltages of the UPFC are plotted in Fig. 7(b) . The shunt reactive current of the UPFC is plotted in Fig. 7(c) . The real components of the series voltage and the shunt current of UPFC are small compared to their respective reactive components. The power through the dc link of UPFC (power transferred from the series branch to the shunt branch) is shown in Fig. 7(d) . Fig. 8 shows the plot of total system energy. The energy decreases when UPFC control variables are selected so as to maximize or minimize the power. Here the pre-disturbance energy is assumed to be zero. The steady state is reached in about 2 s. This is also evident from Fig. 7(a) . 
Multimachine system
The control strategy is evaluated by a simulation study on the 10 generator 39 bus New England system. The system data are given in [14] . Fig. 9 shows the single line diagram of the system. The generators are represented by classical model. Loads are assumed to be of constant impedance type. Network losses are ignored. Fig. 10 shows the swing curves without any control for a fault at bus 34 cleared by tripping the line 34-35 at 0.267 s. The system is unstable; generator 2 separates from the rest of the system. The lines 11-12 and 18-19 form the critical cutset. The same disturbance is simulated with UPFC at bus 11 in the lines 11-12. A rating of 0.2 is used for both series voltage and shunt current of UPFC. It is assumed that UPFC does not inject any voltage or current in steady state. With control initiated at the instant of fault clearing, the system is stable as shown in Fig. 11 . Fig. 12 shows the plot of total system energy. Without any control, the system energy in the post-fault period would have been constant due to absence of damping whereas every switching of the UPFC control variables to maximize or minimize the power flow in the line contributes to damping, which can be seen by the decrease in energy during these periods. Fig. 13 shows the plot of power flow in the line 11-12, with and without UPFC. With UPFC, there are discontinuities in the curve due to switchings between base power, maximum power and minimum power. The control variables of UPFC and power through dc link of UPFC are shown in Fig. 14. 
Discussion
The UPFC has three independent control variables. The set of independent control variables is not unique. In this paper, the control variables are chosen as the magnitude and angle of the injected series voltage and the magnitude of the shunt current. The constraints on the ratings of the series and the shunt converters can be easily expressed due to the selection of these control variables.
In [4] , the control variables are chosen as series voltage magnitude, series voltage angle and effective shunt susceptance. The maximum value of the effective shunt susceptance is assumed as the optimum value in order to maximize power. But unlike in [4] , the effective shunt susceptance need not be constant (at the limit) at all values of ζ as shown in Fig. 15 . These curves are obtained for the following values of system parameters:
When the power through the dc link is constrained to be zero, the optimal magnitudes of the injected voltage and current are not at the limits for large values of ζ (ζ near 180 • ) and small values of ζ (ζ near 0 • ), respectively, as shown in Fig. 4 . This illustrates that for small values of ζ, a SSSC is helpful in increasing the power, whereas for large values of ζ, a STATCOM is more effective.
In a multimachine system, the location of FACTS controllers is an important issue. The location should be based on studies to determine the possible modes of instability for different contingencies. In [11] , the TCSC is located in a cutset which separates the system into two areas.
It was found from case studies on the New England 10 generator system, that for many contingencies, the generator at bus 2 separates from the rest of the system because of its large inertia constant. For this mode of instability, the critical cutset consists of the lines 11-12 and 18-19. Therefore, in this paper, the case considered for control is one in which generator 2 separates; UPFC is located in a line belonging to the critical cutset.
Control of UPFC in a multimachine system involves two issues namely the maximization (or minimization) of power and determination of switching instants. For maximization and minimization of power, the knowledge of open-circuit voltages and the Thevenin impedance matrix is required.
The values of open-circuit voltages can be obtained from the knowledge of Thevenin impedance matrix using the local measurements of voltage and current at the UPFC ports. In order to determine the instants of switching between base power, maximum power and minimum power, the time derivative of the angle across the line for the postfault system is required; this can be computed from local measurements. The control strategy requires the monitoring of the derivative of the potential energy in the line, which is defined for the post-fault system and is given by which arises first. If a line is tripped in order to clear the fault, the post-fault steady state power in the line P ks is different from the pre-fault steady state value P ko . Since the variation of P k is very large compared to P ks and P ko , P ko can be used instead of P ks . It was observed from simulation studies that in multimachine system, the switching of the control variables in the second step of the control strategy occurs at the instant when dδ k dt = 0. Therefore, in step 2 of the control strategy for multimachine system, dW p dt can be replaced by dδ k dt and hence, the knowledge of P ks is not required.
Conclusion
Improvement in transient stability and damping of rotor swings can be brought about by selectively operating the UPFC so as to maximize or minimize power flow in the line in which it is located. The proposed control strategy is general and is applicable to any controller, which can affect the power flow in a line. If the UPFC is located at the midpoint of a lossless symmetrical line, analytical solution can be obtained for the control variables in order to maximize and minimize power. The control action in multimachine system can be accomplished using local measurements. Suitable location of UPFC for transient stability improvement can be one of the lines across which the angle becomes unbounded in case of instability; these lines can be identified by simulation studies. The control strategy is validated by system simulation.
